The properties of polymethyl methacrylate (PMMA) bone cement make it a popular bone filling material.
Introduction
Since balloon kyphoplasty (BKP) was rst developed in the 1990s, it has been the most popular method to treat osteoporotic vertebral compression fractures. The bone cement used in the operation plays a vital role in the curative effect of BKP.
1
PMMA bone cement has obvious advantages, such as appropriate syringeability, solidication characteristics, mechanical strength and radiopacity. However, its application is limited because of a lack of osteoconduction, biodegradability, osteogenesis, etc. These defects may restrain the bone cement-bone interface combination, and the bone cement will not be replaced by bone tissue, which causes osteolysis, looseness and even the separation of the vertebral body.
2-4
Methyl methacrylate (MMA) polymerizes to PMMA through a C-C single bond under the catalysis of benzoyl peroxide (BPO). Thus, PMMA is a kind of high-molecular compound, whose degradation performance can be affected obviously through a change in chemical construction change. 5 Ester can be introduced to the C-C backbone through copolymerization, and the ester is so weak that it can be fractured easily, which makes the high-molecular compounds readily biodegradable. [6] [7] [8] In this study, we produced MDO/MMA copolymers containing esters in their backbone. Fig. 1 shows the reaction equation of MDO and MMA and the degradation performance of high-molecular compounds with and without MDO.
N-Acetyl cysteine (NAC) is an amino acid derivative. NAC is widely used as expectorant in diseases of the respiratory system, and its biosafety is reliable.
9-12 NAC has been reported to improve the biocompatibility of substances, enhance the expression of osteogenic genes, and activate the differentiation of osteoblasts.
13-15 Naoki 16 revealed that incorporating NAC improves the osteoconductivity of PMMA bone cement.
In this study, we aim to improve the degradability and mineralization property of original PMMA bone cement based on the premise that its performance is not reduced. We transformed original PMMA bone cement by using MDO and NAC, and the new bone cement was evaluated in several respects.
Materials and methods

Bone cement preparation
NAC powder (Aladdin, USA) was added to HEPES buffer as a stock solution (1 mol L
À1
) and the pH was adjusted to 7.2. Commercial bone cement (Spineplex, USA) was used in the present research. The powder and liquid were mixed completely according to the manufacturer's recommendations as a control (C-PMMA). NAC-p (MDO-co-MMA) bone cement was prepared by mixing the powder and liquid containing NAC at concentrations of 25 mM (NAC-PMMA) and MDO at different proportions (1%, 5% or 10% in volume percentage). Aer mixing, the bone cement was transferred to steel molds measuring 75 Â 10 Â 3.3 mm (for the bending modulus test), B6 Â 12 mm (for the compressive strength test, morphology evaluation and degradation assay), and B9 Â 2 mm (for the NAC-release test, biological properties test and mineralization capability test) to produce different samples. In the mineralization capability assay, barium sulfate in powder was replaced by the same weight of PMMA powder.
Mechanical properties (compressive strength, bending modulus and operability)
Compressive strength and bending modulus were tested according to International Standard (ISO) 5833.
17 There were 5 samples in each group.
The dough and setting time were tested in accordance with ISO 5833 (ref. 17) and ASTM C191, 18 and we set four periods during solidication according to operability, including mixing, waiting, application and setting. 8, 19 The samples were immersed in 5 mL glacial acetic acid in 15 mL tubes for 1 and 5 days. Then, 5 mL trichloromethane was added to each tube and shaken for 1 h. A 2 mL mixture was removed from each tube and transferred into new tubes aer ltration.
Degradation assay
The liquid was adjusted to alkaline with caustic soda solution. A powder was obtained by drying the supernviaould-like liquid. The power was soaked in tetrahydrofuran (1 mg mL À1 ). Then, the number-average molecular weight (M n ) of the solute was measured by gel permeation chromatography (GPC; Waters GPC analysis system with a Waters 2414 refractive index detector, Milford, MA).
Morphology evaluation
The sample was broken off to show the section and gold was sprayed onto the section before testing. SEM (FEI-Quanta 250, USA) was used in this evaluation to observe the section at 15 kV.
NAC release test in vitro
The samples were immersed in 30 mL PBS (3 cm 2 mL À1 ) and shaken (100 rpm) at 37 C for a total of 64 days. Then, 0.5 mL PBS was withdrawn at 1 h, 1 day, 2 day, 4 day, 8 day, 16 day, 32 day, and 64 day. An equal volume of fresh PBS was added to the vessel aer withdrawing, and a loss of NAC concentration at the next time point was taken into consideration. A standard calibration plot was used to calculate the concentration of NAC in the PBS according to a UV-vis spectrophotometer (absorbance of NAC at 205 nm). The release rate of NAC was calculated by the following expression:
where M s was the weight of NAC in PBS and M p was the weight of NAC in the cement samples used in this test.
Biocompatibility in vitro
2.6.1 Cell culture. 20 MC3T3-E1 cells (ATCC, USA) were cultured in a-MEM (HyClone, USA) with 1% penicillin/ streptomycin solution (HyClone, USA) and 10% FBS (Gibco, USA). The cells were incubated with 5% CO 2 at 37 C. The cell culture medium was renewed every 3 days. The cells were detached by using 0.25% trypsin/1 mg ethylenediaminetetraacetic acid (EDTA, Beyotime, China) when 80% conuent.
Preparation of material extracts. According to ISO 10993,
21 the samples were soaked in a-MEM (3 cm 2 mL À1 ) at 37 C for 48 h, and the extracts were stored at 4 C before use.
Cell cytotoxicity assay.
A total of 200 mL a-MEM with MC3T3-E1 cells at 1 Â 10 4 cells per mL was cultivated on germfree glass sheets in 48-well culture plates for 24 h. Then, the cell culture medium was replaced with 200 mL a-MEM, C-PMMA extracts and NAC-p (5% MDO-co-MMA) extracts as negative control, control and experimental groups, respectively. The medium was renewed every day. The cells were stained with hematoxylin and eosin (HE) aer incubation for 1, 3, or 7 days. The cell state was evaluated using a light microscope at 40Â magnication. Then 100 mL of the abovementioned cell suspension was added to the 96-well culture plates. The medium was replaced with 100 mL a-MEM, C-PMMA extracts and NAC-p (5% MDO-co-MMA) extracts aer 24 h as negative control, control and experimental groups, respectively. The medium was renewed every day. Then 10 mL CCK8 reagent (Dojindo, Japan) was added to the medium at 1, 3, and 5 day, and the absorbance at 450 nm (OD450) was measured at 4 h later by using a microplate reader (Thermo Multiskan Spectrum, Thermo Scientic, USA). All assays were repeated ve times. 2.6.4 Cell attachment. MC3T3-E1 cells were inoculated into the NAC-p (5% MDO-co-MMA) bone cement, C-PMMA bone cement and control tissue culture polystyrene (TCPS) in 48-well plate and incubated for 3 days. The cells were xed with 4% paraformaldehyde solution (Liankebio, China) for 20 min and further dehydrated by using alcohol solutions at different concentrations. The materials were removed from the plate for critical point drying and then sprayed for SEM (FEI-Quanta 250, USA) observation. [22] [23] [24] MC3T3-E1 cells were seeded onto C-PMMA bone cement, NAC-p (5% MDO-co-MMA) bone cement and polystyrene in 48-well plates at a density of 1.5 Â 10 4 cells per cm 2 as control, experimental group and negative control, respectively. The culture medium was replaced with osteogenic media (Cyagen, USA) aer 24 h and renewed every 3 days.
Mineralization capability assay
Alizarin red staining was used to evaluate the mineralization capability of the MC3T3-E1 cells aer the induction of differentiation for 14 days. The cells were xed with 4% paraformaldehyde solution for 20 min and further incubated with alizarin red solution (Cyagen, USA) for 10 min. For quantitative analysis, cultures were washed three times with PBS and incubated in 10% cetylpyridinium chloride solution (Sigma-Aldrich Inc., St. Louis, MO, USA) with gentle shaking for 15 min. The absorbance of the solution at 562 nm (OD562) was measured by using a microplate reader.
Statistical analysis
The results are presented as the mean AE standard deviation (SD) and analyzed by using one-way analysis of variance (ANOVA) to calculate the average for multiple groups. The least signicant difference (LSD) test was used for multiple comparisons between groups. Differences between two means were examined by t test. Differences between groups are considered statistically signicant if p is less than 0.05.
Results
Compressive strength and bending modulus
The compressive strength and bending modulus of the tested samples are shown in Table 1 . The test showed that the compressive strength and bending modulus decreased with increasing proportions of MDO. The difference of bending modulus between NAC-p (5% MDO-co-MMA) and C-PMMA was signicant (P < 0.05). The compressive strength of NACp (10% MDO-co-MMA) was lower than that of C-PMMA (P < 0.05), while the difference of compressive strength between NAC-p (5% MDO-co-MMA) and C-PMMA was insignicant (P $ 0.05). Bone cement containing 5% MDO had the best mechanical properties: minimal bending modulus of 1.97 AE 0.08 GPa, and compressive strength meeting the international requirement according to ISO 5833 and ASTM C191 ($70 MPa). Therefore, NAC-p (5%MDO-co-MMA) was selected for further research.
Operability
The solidication characteristics of NAC-p (5% MDO-co-MMA) are displayed in Fig. 2 . The waiting period is slightly longer for NAC-p (5% MDO-co-MMA) than for C-PMMA, and the application period is approximately 1.5 min longer, which suggests that operators can obtain more sufficient time to operate the bone cement with paying little cost. Fig. 3 presents the appearance of the bone cement soaked in glacial acetic acid for 24 h and the results of the GPC analysis. Both NAC-p (5% MDO-co-MMA) bone cement (A) and C-PMMA bone cement (B) swelled in glacial acetic acid. A long chain of NAC-p (5% MDO-co-MMA) polymer was cut off; thus, the powder could not be embedded in the polymer and became scattered in the surrounding liquid, which made the liquid turbid. The long chain of C-PMMA could not be cut off; thus, the powder became embedded in the polymer made the liquid clear. GPC analysis conrmed this phenomenon. M n of NAC-p (5% MDO-co-MMA) declined 50.4% aer soaking for 1 day, and the difference was signicant (P < 0.05), while the difference between 1 day and 5 day was not signicant (P $ 0.05). The M n of C-PMMA did not decline signicantly aer soaking for 1 day (P $ 0.05) and 5 days (P $ 0.05).
Degradation assay
Morphology evaluation
Section of NAC-p (5% MDO-co-MMA) has a pyknotic surface, and no holes can be found, which is similar to the morphology of C-PMMA (Fig. 4) . This result suggests that adding NAC and MDO does not affect the morphology of PMMA bone cement.
NAC-release test
The pattern of NAC release for 64 days in vitro was tted to a controlled-release plot, with an initial burst effect during the rst 1 h, in which 11.67 AE 1.38% NAC was released from NAC-p (5% MDO-co-MMA) bone cement into the PBS solution (Fig. 5) . The release process lasted at least 2 months, and the release percentage was 47.87% AE 5.38% on day 64.
3.6
In vitro biocompatibility 3.6.1 Cell cytotoxicity. The le side of Fig. 5 shows the morphology of the cells cultured in different media for 1, 3, and 7 days. The cells multiplied rapidly and maintained an elongated, spindle-shaped morphology. There were no signicant differences in morphology among the three groups during the culture time.
The optical density (OD) of all groups changed during the culture time in the CCK8 assay (right side of Fig. 6 ). The OD value differences were not signicant among C-PMMA, NAC-p (5%MDO-co-MMA) and control at each time point. According to ISO 10993-5, 20 a reduction in cell proliferation by more than 30% is considered as cytotoxicity. Therefore, neither of the two kinds of bone cement inhibited cell proliferation.
3.6.2 Cell attachment. Fig. 7 shows SEM images of cells grown on NAC-p (5% MDO-co-MMA) bone cement (a), C-PMMA (b) and TCPS (c). The cells spread well with close contact with the surface of the two kinds of bone cements and the TCPS. Rough surface of bone cements provided more attachment points than that of TCPS. Both NAC-p (5% MDO-co-MMA) and C-PMMA bone cements had acceptable biocompatibility.
Mineralization capability
As shown in Fig. 8 , compared with polystyrene, MC3T3-E1 cells cultured on C-PMMA showed an obvious suppression of mineralization capability (P < 0.05). Compared with C-PMMA, NAC-p (5% MDO-co-MMA) bone cement was found to be mineralization-positive (P < 0.05), with values greater than those recorded for cultures on polystyrene (P < 0.05).
Discussion
Alkaline phosphatase activity, Von Kossa stain and in vivo experiments were used in research by Naoki 16 to suggest that 25 mM is the most appropriate concentration of NAC in commercial PMMA bone cement for the best osteoconduction. We referenced the achievement of Naoki, and the concentration of NAC is 25 mM in all bone cements containing NAC.
Compressive strength, bending modulus and operability are important characteristics of bone cement. PMMA bone cement has advantages in compressive strength and operability. However, it has a high bending modulus, which may cause loosening and stress shielding in the vertebral body.
25,26 Jenny 8 synthesized 2-methylene-1,3-dioxepane/glycidyl methacrylatebased (MDO/GMA) copolymers with different feed ratios and indicated the changes in the physical properties of the copolymers. Since the reaction principle of MDO/GMA and MDO/MMA is the same, we found that NAC-p (5% MDO-co-MMA) showed satisfactory compressive strength and operability. In addition, the bending modulus declined from 2.67 AE 0.07 GPa to 1.97 AE 0.08 GPa, which was closer to that of spongy bone (0.05-0.5 GPa). 27 Many other PMMA-based cements have been reported. In contrast, Ti-PMMA, as reported by Fukuda C, had satisfactory compressive strength but a high bending modulus.
28 HEMA-PMMA, HA-chitin-PMMA and TCP-PMMA showed reductions in both compressive strength and bending modulus.
29-31
Many researchers have attempted to enhance the bioactivity of PMMA-based bone cements by adding bioactive materials, such as polyhydroxyalkanoate, 32 calcium phosphate, 33 bioglass, 34, 35 and cellulose. 36 However, these additives made PMMA bone cement porous and led to a reduction of its mechanical properties, making most of the bone cement unsuitable in areas of high stress. NAC-p (5% MDO-co-MMA) was compact and imporous. This characteristic was a precondition for satisfactory mechanical properties.
NAC can improve the osteoconductivity of PMMA bone cement by inuencing surrounding osteoblasts. 16 However, the dissolution curve of NAC release from PMMA bone cement was undened. In this study, we put NAC-p (5% MDO-co-MMA) in a simulated human environment to discover the release rule. The test revealed that the initial burst effect of NAC-p (5% MDOco-MMA) was slightly higher than that of calcium phosphate cements and calcium sulfate cements. 37, 38 With the sustained release effect, it was reasonable that the bone cement could maintain an appropriate and steady NAC concentration to act on osteoblasts.
Biocompatibility is a precondition for the application of bone cements in vivo. People have relied on the practicability and safety of PMMA-based bone cement for decades since it was rst used in the human body in 1958. 39 However, a small amount of MMA monomers may be released during the polymerization reaction to inuence the body, even resulting in necrosis of the implanted region. 40 NAC is used as expectorant, and its safety has been widely recognized. Masahiro 41 revealed that NAC could inactivate MMA monomers by its antioxygenation capacity to improve the survival rates of cocultured cells. Incorporating NAC inhibited the local inammation and systemic toxicity effects caused by the implantation of PMMA bone cement in rabbits. 16 MDO is a practical synthetic source for medical material and biodegradable material. Moreover, NAC-p (5% MDO-co-MMA) is predicted to be nontoxic. In our study, NAC-p (5% MDO-co-MMA) bone cement revealed no cytotoxicity in the morphologic observation, CCK-8 assay or cell attachment assay.
Materials produced by reacting acrylic acid with MDO show obvious biodegradability. The degradation accelerates with increasing amount of MDO. 42 Esters in the long-chain are easily hydrolyzed in acetic acid, and the long-chain is thus cut into pieces. Acetic acid did not make the M n of C-PMMA decline while that of NAC-p (5% MDO-co-MMA) did decline. This result indicated that the long-chain in NAC-p (5% MDO-co-MMA) was almost completely degraded in 1 day since the difference between 1 day and 5 day was not signicant.
A red compound was produced when alizarin red interacted with minerals in the cells. Aer the red compound dissolved in 10% cetylpyridinium chloride, the absorbance of the solution was measured to evaluate the amount of mineral manufactured by the cells. Our data suggested that the suppression of mineralization capability on the C-PMMA was pronounced. In contrast, NAC-p (5% MDO-co-MMA) enhanced the mineralization capability of osteoblastic cells. We hypothesized that NAC supplementation was responsible for the enhanced mineralization capability. Naoki reported that the incorporation of NAC detoxies the PMMA bone cement material by eliminating free radicals and increasing the antioxidation ability of the cells and consequently adds osteoconductivity to the material. 16 Our data provided certain proof to support this research and show that the modication converts the bioproperty of bone cement from a bioinert to osteoconductive level.
We succeeded in making NAC-p (5% MDO-co-MMA) compound bone cement and testing its performance in vitro. Further studies are needed to modify nondegradable solid material for complete biodegradation and to test these conditions in vivo.
Conclusions
NAC-p (5% MDO-co-MMA) bone cement showed superior mechanical properties, good biocompatibility, some degradability and mineralization properties, as we had expected. NACp (5% MDO-co-MMA) markedly lowered the bending modulus of PMMA from 2.67 GPa to 1.97 GPa and optimized solidica-tion while having little effect on its compressive strength. NAC-p (5% MDO-co-MMA) was compact and imporous under SEM, which was a structural basis for its good mechanical properties. NAC could be released from NAC-p (5% MDO-co-MMA) continuously and appropriately. According to ISO 10993, NAC-p (5% MDO-co-MMA) was biologically safe in cytotoxicity assays with respect to cell attachment. In addition, esters were successfully introduced into the polymer, which made the degradation properties signicantly better for NAC-p (5% MDOco-MMA) than for C-PMMA in acid. A comparison of the mineralization capability between C-PMMA and NAC-p (5% MDO-co-MMA) also suggests that NAC-p (5% MDO-co-MMA) might improve the osteoconductive level. We propose that NACp (5% MDO-co-MMA) bone cement has potential clinical value.
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